Results
Frequently, T cell responses of a particular inbred strain of mouse are reactive primarily to a limited region of the protein . The diversity of that T cell reactivity as measured by fine specificity analysis, however, suggests that there are many overlapping T cell epitopes present within the small peptide region to which the T cells are directed (for review see reference 38) . By using truncated analogs of P12-26, five different reactivity patterns have been identified with P12-26-specific T cell hybridomas isolated from BALB/c mice and restricted by the I-Ad molecule (23) . T cell-reactive peptides competition experiments (21, 22, 39, 40) , as well as the recent determination of the class I MHC protein structure (41) , have strongly supported our original hypothesis that a single binding site on class II MHC molecule exists . Therefore, it was suggested that diversity in T cell reactivity is a result of each T cell interacting preferentially with a different segment of the same peptide accommodated in the binding site of the class II molecule (23) .
We thus reasoned that the TCR of the hybridoma 7137 .3, which recognizes the COOH-terminal part ofP12-26 ( Fig. 1) , should be distinct from the antigen receptor of the hybridoma 8F8 .10, which interacts primarily with the NH2 terminus of P12-26 ( Fig. 1, reference 23 ) . There are, thus, likely to be at least two distinct types of TCRs recognizing P12-26 in the context of I-Ad . In contrast, the I-E k-restricted T cell hybridomas all react in an identical way toward P12-24 and P15-26 as T cell hybridoma 81 (Fig. 1 ) . This limited reactivity suggest a less heterogeneous population of TCRs amongst the I-Ek-restricted T cells.
A cDNA library was constructed from 81 T cell hybridoma and was screened with The sequence of P12-26, P12-24, and P15-26 of bacteriophage X repressor cI protein .
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P12-26
Leu-Glu-Asp-Ale-Arg-Arg-Leu-Lys-Ala-Ile-Tyr-Glu-Lys-Lys-Lys O P12-24 Leu-Glu-ASp-Ala-Arg-Arg -Leu -Lys-Ala-Ile-Tyr-Glu-Lys 6 P15-26 Ala-Arg-Arg-Leu-Lys-Ala-lie-Tyr-Glu-Lys-lys-Lys the constant region probes of TCR a and R chains. The functional TCR a gene sequence identified from the library and its predicted protein sequence is shown in Fig . 2 . The Va of 81 is a member of Va3 family and shares 95°Io of its nucleotide sequence with the reported VaTA39 gene sequence (42, Table I ). In Northern analysis, 13 out of 14 I-E'-restricted, P12-26-reactive T cells were found to express a Va sequence crosshybridizing with Va81 (data not shown) . By using V,81 as a probe, the expressed a chain of two additional T cell hybridomas (41 and 101) were then isolated. 41 uses the same Va as 81, whereas, 10I uses a third member of the Va3 family (Fig. 2) . All three T cells utilize different Ja elements (Fig. 2) . Ja8I is identical to J,TA39 (42) . Southern analysis (Fig. 3 ) reveals eight different rear- AAC TGC AGT TAT GAG GAG AGC ACT ITT IAC TA : TIC CIA TGG TAC GGG GAG TIC CCT GGG AAA AGC III   GC127 SFB.10
GAC AAG ATC CL ACA GCA TCA TGT TTA III CTA ISC -CAC CIA GCT GGG GTG AGT GGC CAG CAG AAG GAG AAA ACT GAC CAG CAG CAG GIG AGA CAA ACT CCC CAA TIT CTG AGA GTC TGG GAA GGA GAG ACC ACA ATT CTG ATA GCC ATA AGT TTG GTG TCC AAT AAA AAI GAA GAT GGA CGA TTC ACA ATC TTC TTC AAT AGG GAG AAA AAG CTC TCC TTG CAC ATC ACA GAG TIT CAG CCT GGA GAG TCA GCC ACC TAG TTC TGT GCA GCA   ei  S  A  II  T  0  K  V  V  F  T  G  T  R  L  0 ' V  S  P  N  I   AGT GCC  AAT AC .. GAG AAA  GTC GTC TIT GGA ACA GGG All AGA TTA CAA ITC TCA CIA AAC ATC   1oi  0  Y  A  0  L  T  F  -L  G  T  R  V  S  V  F  P  Y   ----G  GAG TAT GCC CAG GGA TTA ACC TIC GG  ITT GGC ACC AGA GTA TIT GIG TIT CIC TAI --- TIC TIC TTC AGC AAG  ITS GTG TIT GGG CAG GGG ACA TIC TTA TCA GTC GTT CIA AAC ---8Fa.1o I  'I  0  V  P  S  S  II  S  E  -E  0   -TA  ATG CAG IGTG CIA AGC  T,.A CAT TCG GAG GGG GAP CAP GGT TAA CGG TCA GAG CCG ACA TCC   FIGURE 2 . Nucleotide and predicted amino acid sequence of TCR a chain genes from lv repressor P12-26-specific T cell hybridomas . Amino acid residues are numbered according to reference 42, where TA39 (the first member of Va3) is also reported . Spaces have been introduced to obtain proper alignment . Nucleotides identical to those of 81 are indicated by dashes . The boundary between Ja and V is uncertain. For each T cell, at least two independent cDNA clones were sequenced (see Materials and Methods). These sequence data have been submitted to the EMBL/GenBank Data Libraries under the accession number Y00810. Comparisons were made between variable regions (coding sequences position -9 to position 91 in Fig. 2 ) . As the germline sequences remain unknown, the actual similarity may be slightly lower when residues 3' to the position 91 (nucleotide position 273) are included . Nucleotide sequences similarity is indicated above the diagonal line, protein sequence similarity is below the diagonal line . Similarity is expressed as number of identical residues per number of total residues . From Arden et al . (42) . (Fig . 4) . Because V a l0I is identical to V aTA39 in the oligonucleotide probe region, additional probes that distinguish Va 10I from V a TA39 were synthesized and used to screen the collection . None of the P12-26-specific T cells hybridize with oligonucleotide of V aTA39 in Northern analysis (data not shown).
In contrast to the observed predominant selection of the Va gene family used, four different Vp genes are used by 13 T cells of I-E' restriction . Even though I-E k -restricted T cell hybridomas display a restricted reactivity towards P12-24 and P15-26, fine specificity differences can be used to distinguish fur- 
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-TGT GCC AGC AGT GAT GCA AGG ACT GGG GGG GCC TAT GAA CAG TAC TTC GGT CCC GGC ACC AGG CTC ACG GTT TTA GA FIGURE 5. Nucleotide and predicted amino acid sequence of the VD J region of the TCR (3 chain genes from X. repressor P12-26-specific T cells. [Phe"]P12-26 . Fig. 4 (Fig. 4) . The fine specificity against [Phe22 1P12-26, therefore, may be attributed to the junctional diversity (including N regions) of a and/or R chains . Currently the TCR genes expressed in 711 and 241 are being isolated, and the sequences in the junctional regions will be determined. By using peptides of different lengths surrounding residues 12-26, we have previously demonstrated that P12-26 contains complete immunodeterminants of the repressor protein when presented in the context of both I-Ad and I-E' (23) . This system provides a unique opportunity to study two populations of TCRs that interact with the same peptide presented by different la molecules . T cells derived from BALB/c were first screened with V a and VD probes representative of expressed genes amongst I-E k-restricted T cells . It was found that all I-A d-restricted T cells, except 15C9 .6 (the T cell with unusual reactivities [23] ), express the Vp8 gene segment (Fig . 7 A) . Four I-Ad-restricted T cells were shown to use a Va3 family gene ( Fig. 7 B) . Southern analysis (Fig . 7 C) indicates that hybridomas 90127, 7137 .3, and MA use an a chain of identical Va Jc, rearrangement. The sequence of the a chain from 9C127 reveals that it contains a fourth member of the Va3 family (Fig.   2) . The same recombination of Vp8 .1-Dp1 .1Jp1.4 (Fig. 6) are also used by 9C127, 7137 .3 and MA (Southern blot not shown) . 7137 .3 (with MA) and 90127 were grouped separately by reactivity (23), because 7137 .3 and MA are almost nonresponsive to P12-24 (Fig. 1) . The Southern analysis here suggests that the TCR a-R dimer may be identical for 7137 .3 (8F8.4) and 9C127 . The difference between 7137 .3 and 90127 is likely to reside in the potency of reactivity, as 9C127 recognizes P12-24 only at a concentration 5,000-fold greater than that ofP12-26 (Fig . 1) . Alternatively, different fine specificity may be attributed to sequence difference in the N region of TCR. The latter possibility will be examined at a latter time by cloning and sequencing the TCR of 7137 .3 and SF8.4.
The 8F8.10 T cell, the other I-Ad-restricted hybrid containing a crosshybridizing Va3 gene (Fig. 7 B) , has a reactivity pattern distinct from that of 7137 .3 and 81 (Fig.  1) . While the latter two react strongly with P15-26, 8F8.10 is completely nonresponsive toward P15-26 . The Va of 8F8 .10 is a fifth member of Va3 (Fig. 2) . Table I lists the similarity in nucleotide and amino acid sequence between these five different Va3 genes (four from this study and V,TA39 from reference 42) . The Ja element used by 8F8.10 has been reported before (TA37 in reference 42, F3 .1 in reference 44), but a single nucleotide deletion (Fig. 2, arrow) creates a stop codon in the middle of the Jc, region . The Va3-containing a chain transcript is thus nonfunctional. Current attempts are made to identify the functional a chain of 8F8.10 .
To further characterize the Va3 usage in the T cell response, A/J mice were immunized separately with different antigens (X repressor P12-26, moth cytochrome c P93-103,and staphylococcal nuclease P81-100). The expression of the Va3 sequence in T cell hybridomas specific for each antigen was studied by lysate hybridization (36) . In contrast to the high frequency usage of Va3 in P12-26-specific T cells (Fig . 8 A) , very few T cells specific for cytochrome c or nuclease were found to use Va3 (Fig. 8, B and C) . In another panel of P12-26-specific T cell hybridomas produced from BALB/c mice, 5 out of the 38 T cells hybridized with Va3 (Fig. 8 D) .
Discussion
To elucidate the molecular interaction of the TCR with the P12-26-Ia complex, the primary structures of the TCR a and a chains in T cells specific for P12-26 have been determined . A limited number ofa and R chain variable genes were used among the population of T cells studied. A very interesting observation is that 13 independent T cell hybrids (derived from 12 A/J mice) use two members of a single crosshybridizing Va family gene. This is a similar finding to the predominant usage of Vall gene in cytochrome c-specific T cells (45) (46) (47) . Such a preferential usage of a particular variable gene is contrary to the random use ofvariable genes in insulinspecific (44) and hapten-specific (48) T cells. It is interesting to note that both X repressor P12-26-specific and cytochrome c P93-103-specific T cells are I-E' restricted . There is a possibility that such a preferential use of a specific Va family is unique for I-Ek-restricted system . This may imply that there is a limited manner in which the I-Ek-antigen peptide complexes can be recognized by TCRs . Further characterization of the TCR from other systems will help answer this question. Both P12-26-and cytochrome c-specific T cells use a very limited number of R chains . The (3 chains of a few (but not all) cytochrome c-specific T cells have been related to their MHC specificity (45, 46, 49) . Contrasting with the heterogeneous MHC reactivity of cytochrome c-specific T cells, no difference in the la specificity has been identified with P12-26-specific T cells . Despite the use of four different a chains (Fig . 6) , all P12-26-reactive, EaEp-restricted T cells are also restricted by EaEp and are not alloreactive to I-Ab or I-As (the alloreactivities found in cytochrome c T cells) . It should be noted that in the latter system (45, 47, 50) , normal T cell lines were used as opposed to hybridomas in this study. For unknown reasons, alloreactivities are much more difficult to detect among T cell hybridomas . The comparison between cytochrome c-and P12-26-specific T cells of similar MHC reactivities reveals little similarity on the R chain sequence . Cytochrome c-specific T cell of EaEp restriction (group I and IV in reference 47) use Vp3 Jp 1 .2 or Jp2 .5 and VpC10Jp2 .4, whereas, none of the P12-26-reactive T cell hybridomas use Vp3, VDC10, Jp1 .2, or Jp1 .2 . There is a possibility that different Q chain elements are selected because of different strains of mice were analyzed (B10.A for cytochrome c, A/J for P12-26) . It is however, more likely that MHC reactivity is encoded by a combination of VaJa and Vojo elements, which has recently been demonstrated by Matis et al . (50) . Little sequence similarity would be expected between R chains pairing with Va3Ja (P12-26 specific) and R chains pairing with V,11-J, (cytochrome c specific) .
Except for 9C127, 7117 .3, and 8F8.4, the primary structure of TCR a chain of P12-26-specific, I-Ad-restricted T cells have yet to be determined. It is not known if another predominant use of a Va will also be found among I-Ad-restricted T cell hybridomas . Interestingly, there is a preferential expression of Vp8 in I-Ad-restricted, P12-26-reactive T cells (Fig. 7 A) . It may be noted that Vp8 is also used by IAd-restricted, OVA-specific T cells DO-11.10, 7DO-286.2, 8DO-201.1 (51), and 3DO54.8 (data not shown) . It is not known if the Vp8 gene family is selected because of I-Ad specificity. Because Vp8 genes are also used by I-Ek-restricted T cells (101, 391, 471V), and no crossreactivity at the Ia level can be found between T cells of I-Ad restriction and of I-Ek restriction (23), the adoption of Vp8 apparently is not sufficient to confer a I-Ad reactivity in the association with P12-26 . The only I-Ad-restricted T cell hybridoma that does not use Vp8 is 15C9.ó, which displays a unique reactivity toward various P12-26 analogs (23). For example, 15C9.ó is the only I-Ad-restricted T cell that reacts well towards [His 22]P12-26 and recognizes P12-24 much better than P12-26 . Previous studies have concluded that the complete immunodeterminant of 15C9 .ó includes the region extended beyond the NH2 terminus of P12-26 (23) . It is reasonable to expect that the TCR of 15C9.ó, which interacts with a peptide different from P12-26 (e.g., P9-24), is composed ofa different Vp element.
The TCR D-J regions have been shown to be critical in the antigen/MHC recognition . In addition to the MHC reactivities defined from junctional diversities (50), two cytotoxic T cells react with the same antigen but have different MHC restrictions were shown to use identical J, Jp regions (48) . In contrast, TCRS with identical variable elements but different D and j elements display unrelated antigen/MHC specificities (52) . More recently, Kuo and Hood (18) have demonstrated that the pairing of the TCR a chain from cytochrome c-specific cells with a ß chain of identical Vp, but different DpJ5 region, fails to reconstitute the cytochrome c/MHC recognition (18) . Furthermore, a few amino acids differing at the D region (46) or N region (47) of the TCR can account for the fine specificity difference seen when testing cytochrome c analogs. In the present study, the fine specificity differences noted between the I-Ek-restricted T cells toward [Phe"]P12-26 probably is related to the V-J junctional diversity, as T cells (31, 711, 241 ) with identical VJ rearrangements display two distinct specificities. The few amino acid residues in the junctional region of TCR may therefore be involved in the direct contact with the antigen peptide presented by an la molecule. Of special interest is the failure of A-type T cells to recognize [Phe221P12-26. Since phenylalanine differs from tyrosine by only a hydroxyl group, the unresponsiveness to [Phe22]P12-26 indicates an extremely restricted interaction between Tyr22 of P12-26 and the V-J region of the TCR on Atype T cells. The substitution of phenylalanine does not affect the binding of the peptide to I-E' molecule, since [Phe22]P12-26 is an effective inhibitor of 81 T cell activation (23) . Considering that there are known to be multiple residues contacting the TCR on antigenic peptides (53, 54) , the observation that the deletion ofa hydroxyl group dramatically disrupts the apparent peptideTCR affinity is intriguing. The sequences ofthe V-J regions ofthe TCR from these T cells may provide useful information towards understanding this specific interaction.
The fine specificities generated by the junctional diversities of the TCR and the observations that the TCR of the same antigen/MHC restriction may be formed by the combination of different Va and Vp gene segments (44, 46, 48) clearly demonstrate that there is no simple correlation between variable gene usage and specificity. The three-dimensional structure modeling ofthe TCR suggests a binding site created at the interfaces of ß sheets contributed by the V domains of the two chains (14, 55) , in a way very similar to an antibody. The recently determined crystal structure ofantibody-antigen complex demonstrated that there is an extensive surface contact area between an antigen and an antibody in which almost all six hypervariable regions of antibodies are in contact with the antigen epitope (56, 57) . Even though a TCR may recognize only the variation on the same general structure (i.e., a few residues of the peptide presented by a MHC molecule), such an interaction with peptide-MHC complex is likely to involve the V« and Vp regions (containing four hypervariable regions) ofTCR . It is possible that the prominence of TCR junctional diversity is due to the closer approximation of the third hypervariable regions of a and ß chains to the peptide epitope when TCR binds to peptide-MHC complex . Furthermore, if the TCR interacts with antigen-la in an "induced-fit" mode as proposed by Coleman et al . (57) , the interaction of V a and Vp to create the proper binding site is essential for any antigen-MHC recognition .
To further characterize the Va3 usage in the T cell response, A/j mice were immunized separately with X repressor P12-26, moth cytochrome P93-103, and staphylococcal nuclease P81-100 . Assuming there are 10 different Va families, the random usage of a Va gene family member will result in -10% of T cells containing messenger RNA crosshybridizing with a Va3 probe. If a high frequency usage of Va3 (as in P12-26-specific T cells) is due to the limited Va repertoire available in A/j mice, Va3 should also be expressed at higher proportions in T cells specific for other antigens . Lysate hybridization of T cell hybridomas specific for each antigen (Fig.  8 , A-C) clearly demonstrates that Va3 is expressed at very low frequency on T cells specific for cytochrome c and staphylococcal nuclease. The selection of Va3 is likely to be antigen specific, as all three peptides are I-E k restricted. As a control, Va 11 is used by cytochrome c-specific T cells (data not shown), even though these clones are of A/j origin instead of B10.A previously reported (45) (46) (47) . In another observation, Va3 is also expressed in I-Ek-restricted, P12-26-specific T cells produced from B10.BR mice (S. Roy, MIT, Cambridge, MA, unpublished results). The selection of Va3 (or Va11) is therefore biased toward antigen independent of the genomic background of I-E k-bearing mice.
Va3 is also used by a few P12-26, I-A'-restricted T cells, as confirmed by the use oflysate hybridization (Fig. 8 D) . Of special interest is the analogy between the reactivities of Va3-expressing, I-A'-restricted T cells with those of I-E'-restricted T cells. P12-24 is poorly recognized by 7117 .3, 8F8 .4, and 9C12.7; whereas, P15-26 is a good stimulator of these I-Ad-restricted T cells. Such a discrimination between P12-24 and P15-26 is not found in other I-A d-restricted, P12-26-specific T cell hybrids, instead, this is more characteristic of I-E'-restricted T cells (see 81 of Fig . 1 ). The usage of Va3, therefore, may confer a similar reactivity to T cells of different MHC restrictions . This support a specific role for antigen in the selection of a particular Va family in the T cell response.
Within the small number of T cells analyzed (Fig. 4) , different members of the V a 3 family are used by T cells derived from BALE/c and A/j mice. Since crosshybridization bands in Southern blot analysis are the same for BALB/c and A/j germlines (data not shown for the BALB/c germline), Va3 repertoire should be the same for either strain of mice. The expression of Va8I/l0I in A/J mice and of Va9C127 in BALB/c mice (and the nonexpression of VaTA39) in constituting the T cell response toP12-26 could be results of a specific selection . It is not known if different members of Va3 are required to pair with different Vp (Vp8.1 in I-Ad restriction ; Vpl, Vp6, Vp8 .3, Vp14 in I-Ek restriction) to form a functional TCR, or if Va9C127 and V,81/10I are also selected with respect to MHC restriction. In addition, can the usage of different Va3 genes account for the difference in reactivity between 81 and 7B7 .3 (such as P15-26 is as active as P12-26 in 81, but not in 7117 .3, [23] )? The answers to those questions, as well as further characterization ofthe present system, will provide a good understanding on the molecular interaction between the TCR, the antigen peptide, and the la molecule.
Summary
The T cell response to the X, repressor cI protein is directed to the same region of the protein (residues 12-26) in both BALB/c and A/J mice. A panel of T cell hybridomas specific for P12-26 in the context of either I-E' or I-A d have been isolated (23) . To further understand the molecular interaction between the TCR and the la-P12-26 complex, the primary structures of the TCR of five T cell hybridomas have been determined. Southern and Northern analyses indicate that two members of the Va3 gene family are used by 13 out of 14 I-E'-restricted T cells . Four different Vp genes are used by these T cell hybridomas, while the majority (8 out of 13) express Vpl in combination with the Jp2 .1 element . No clear correlation can be seen in this system between gene usage and MHC restriction . In addition, the fine specificity of I-E'-restricted T cells to a single amino acid substitution [Phe22/His`]P12-26 is not attributed to the usage of particular Va and Vp elements. The Va3 family gene is also used by a few I-Ad-restricted T cells . Interestingly, these I-Ad T cells share a reactivity pattern more similar to that of I-E'-restricted T cells than other I-Adrestricted T cells . The nonrandom selection Va3 is also demonstrated by the fact that Va3 is used by P12-26-specific, but not by cytochrome c-or staphylococcal nucleas-specific, I-E'-restricted T cells. This suggests that although antigen specificity may not be accounted for by either chain of the TCR, the members of Va3 genes may be selected by the antigen (P12-26) .
